University of Nebraska - Lincoln

DigitalCommons@University of Nebraska - Lincoln
NASA Publications

National Aeronautics and Space Administration

2015

Molecular modelling of ionic liquids in the ordered
mesoporous carbon CMK-5
Xiaoxia He
Cain Department of Chemical Engineering, Louisiana State University, Baton Rouge, LA

Joshua Monk
Cain Department of Chemical Engineering, Louisiana State University, Baton Rouge, LA

Ramesh Singh
Cain Department of Chemical Engineering, Louisiana State University, Baton Rouge, LA

Francisco R. Hung
Cain Department of Chemical Engineering, Louisiana State University, Baton Rouge, LA, frhung@lsu.edu

Follow this and additional works at: http://digitalcommons.unl.edu/nasapub
He, Xiaoxia; Monk, Joshua; Singh, Ramesh; and Hung, Francisco R., "Molecular modelling of ionic liquids in the ordered mesoporous
carbon CMK-5" (2015). NASA Publications. 174.
http://digitalcommons.unl.edu/nasapub/174

This Article is brought to you for free and open access by the National Aeronautics and Space Administration at DigitalCommons@University of
Nebraska - Lincoln. It has been accepted for inclusion in NASA Publications by an authorized administrator of DigitalCommons@University of
Nebraska - Lincoln.

Molecular Simulation, 2015
http://dx.doi.org/10.1080/08927022.2015.1089992

Molecular modelling of ionic liquids in the ordered mesoporous carbon CMK-5
Xiaoxia Hea‡, Joshua Monka,b‡, Ramesh Singha§ and Francisco R. Hunga,c
a

Cain Department of Chemical Engineering, Louisiana State University, Baton Rouge, LA, USA; bThermal Protection Materials Branch, NASA Ames
Research Center, Moffett Field, CA, USA; cCenter for Computation and Technology, Louisiana State University, Baton Rouge, LA, USA

ARTICLE HISTORY

ABSTRACT

We performed classical molecular dynamics simulations of the ionic liquids (ILs) [dmim+][Cl−] and [emim+]
[NTf2−], confined in a model CMK-5 material, which consists of amorphous carbon nanopipes (ACNPs)
arranged in a hexagonal array. We compare our findings against the behaviour of the same ILs inside an
isolated ACNP (i.e. no IL adsorbed on the outer surface of the ACNP) and inside a model CMK-3 material
(which is similar to CMK-5, but is formed by amorphous carbon nanorods). Our results indicate that the
presence of IL adsorbed in the outer surface of an uncharged ACNP in CMK-5 affects the dynamics and the
density of an IL adsorbed inside the ACNP and vice versa. ILs adsorbed outside the nanopipes in CMK-5 (i.e.
with IL also adsorbed inside the nanopipes) have faster dynamics and remain closer to the carbon surfaces
when compared to the same ILs adsorbed on CMK-3 materials. The trends are IL-specific: [dmim+][Cl−] has
slower dynamics when inside an isolated ACNP than when inside the ACNPs in CMK-5, but in contrast,
[emim+][NTf2−] moves faster when it is inside an isolated ACNP than when it is inside the ACNPs in CMK-5
(i.e. with IL adsorbed outside the nanopipes).

1. Introduction
Understanding the properties of ionic liquids (ILs) inside nanopores has attracted a lot of attention in the last few years, mostly
because of the relevance of ILs as electrolytes in energy-related
devices such as electrochemical double-layer capacitors (EDLCs)
[1–10] and dye-sensitised solar cells (DSSCs).[11–16] Molecular simulations can contribute towards achieving a fundamental
understanding of the properties of ILs inside nanoporous materials and complement experimental work in this area. A few recent
review papers [17–20] (as well as references therein) provide an
excellent overview of the progress in this field of research, which
has literally exploded over the last few years. Most of the studies
reviewed in these papers focused on electrified (charged) nanoporous electrodes, which is not surprising considering the relevance of these systems as electrolytes in energy storage devices.
Nevertheless, a fundamental understanding of the properties
of ILs inside uncharged nanoporous materials is particularly
relevant to the development of novel nanomaterials based on
ILs. For example, inserting ILs inside the templating nanoporous materials (e.g. carbon nanotubes, templated mesoporous
silicas, anodic alumina membranes) is one step in the synthesis of optically active (fluorescent) and magnetic nanomaterials
based on ILs.[21–27] These nanomaterials (dubbed ‘GUMBOS’,
for Group of Uniform Materials Based on Organic Salts) have
the highly tunable properties of ILs and can be prepared via
simple procedures, and thus have potential applications in optoelectronics, photovoltaics, separations, analytical chemistry and
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biomedicine. Furthermore, ILs confined inside sol–gels (ionogels) have potential applications as electrolyte membranes and
in optics, catalysis and biocatalysis, drug delivery and sensing
and biosensing.[28–30]
Here, we report classical molecular dynamics (MD) simulations of two ILs, [emim+][NTf2−] and [dmim+][Cl−] (Figure 1),
inside an uncharged model of the ordered mesoporous carbon
CMK-5.[31,32] This material consists of hexagonally packed
nanopipes made of amorphous carbon, and thus the ILs can
adsorb inside and outside the amorphous carbon nanopipes
(ACNPs) (see Figure 3(d)). The ACNPs in CMK-5 have uniform
diameters and exhibit thin carbon walls with corrugations and
curvature, and thus, the nanopores in CMK-5 are interconnected
in a regular way. We compare our results with simulations of
the same ILs in another ordered mesoporous carbon, CMK3,[31,33] of similar pore sizes. This material is very similar to
CMK-5, but is made of hexagonally packed amorphous carbon
nanorods (ACNRs, see Figure 3(b)). Because of their uniform
structure, the ordered mesoporous carbons CMK-3 and CMK-5
are well suited for fundamental studies aimed at understanding
the effects of variables such as pore size, pore geometry, surface roughness and pore interconnectivity on the properties
of confined ILs. In addition, the ordered mesoporous carbons
CMK-3 and CMK-5 have been used as electrodes in EDLCs
in previous experimental studies.[34–40] We also studied the
properties of the same ILs inside an isolated ACNP (i.e. no IL
adsorbed on the outer surface of the ACNP, see Figure 2(d)). We
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found significant differences in the densities and mobilities of
ions in CMK-3, CMK-5 and in an isolated ACNP. Overall, our
results indicate that the presence of an IL in the outer surface
of an uncharged carbon nanopipe can affect the dynamics and
the density of an IL adsorbed inside the carbon nanopipe and
vice versa. The remainder of the paper is structured as follows:
Section 2 introduces the computational methods used in these
simulations. In Section 3, we present and discuss the structure
and dynamics of the ILs inside our model materials, and in Section 4, we summarise and discuss our findings.

2. Methods
We performed classical MD simulations of the ILs [dmim+][Cl−]
and [emim+][NTf2−] (Figure 1), confined inside a single ACNP,
and inside the model-ordered mesoporous carbons CMK-3 and
CMK-5. No electrical charges were present in any of our model
carbon materials. We used the GROMACS 4.5.4 MD package
[41] for our calculations. The IL [emim+][NTf2−] was modelled
using the force field (FF) of Kodderman et al. [42] which can
adequately reproduce experimental values of relevant physical
properties such as density, heat of vaporisation, shear viscosities, self-diffusion coefficients and NMR rotational correlation
times.[42] For example, the bulk density of [emim+][NTf2−] is
1.477 g/cm3 at 333 K, which is less than 1% difference from the
experimental density (1.4858 g/cm3) at the same temperature.
[43] The IL [dmim+][Cl−] was modelled using the FF of Lopes
et al. [44,45] Although this FF has well-known shortcomings
in reproducing the experimental values of properties such as
heats of vaporisation, diffusivities, viscosities and ionic conductivities,[46–49] we chose this FF nevertheless because we used
it in our previous study of [dmim+][Cl−] inside CMK-3 model
materials.[50] Moreover, in that previous study, we determined
that the FF of Lopes et al. was able to give reasonable values for
most experimental properties of interest for this particular IL.
For example, we calculated the self-diffusivity of [dmim+][Cl−]
in the bulk and found values that were in good agreement with
results from previous simulation studies.[49,51] Furthermore,
the simulated density of [dmim+][Cl−] is 1.132 g/cm3 at 425 K,
which is less than 1% difference from the experimental density
(1.1254 g/cm3) found by Fannin et al. [52]
The ACNP used to build the model CMK-5, as well as
the amorphous carbon nanorod (ACNR) used in the model
CMK-3 material considered here, were developed by Jain and
co-workers.[53] The carbon nanorod and nanopipe were created using grand canonical Monte Carlo simulations to model
the adsorption of carbon atoms into a cylindrical silica pore

1,3-dimethylimidazolium
chloride, [dmim + ][Cl - ]

mimicking a SBA-15 material.[54–56] In these simulations, the
interactions between the carbon atoms were modelled using the
empirical REBO potential,[57] and the carbon–silica interactions were accounted for using the PN-TrAZ potential.[58] If
the silica nanopore is completely filled with carbon, the simulation protocol yields an ACNR with a diameter of 2.8 nm and
a length of 10.69 nm, which is then used to prepare the model
CMK-3 materials used here and in our previous study.[50] If
the silica pore is only partially filled with carbon,[53] the procedure yields an ACNP that exhibits inner and outer surfaces
with roughness at atomic scales (Figure 2). The ACNP has an
average external diameter of 2.8 nm, a length of 10.69 nm and
a varying inner diameter, as can be observed in the three cross
sections of this ACNP shown in Figure 2. The internal pore size
distribution (PSD) of the ACNP was determined following the
procedures described in the previous studies.[59–62] The PSD
shown in Figure 2(c) indicates that the internal diameter of
the ACNPs has an average value of approximately D = 1.5 nm
and can reach values of up to 1.8 nm. The average wall thickness of the ACNP is equal to 0.45 nm. We estimated that the
total accessible volume inside the ACNP is ~19 nm3. This value
was determined by dividing the axial length of the ACNP
(10.69 nm) into 40 slices of length zΔ. After that, we determined
the average pore diameter DΔ for each slice, approximated the
volume of each slice as a cylinder of VΔ = 𝜋DΔ2 zΔ ∕4 and added
the volumes of the 40 slices. The ACNP was replicated and
arranged into a periodic hexagonal pattern to form the model
CMK-5 materials used here; similarly, replicas of the ACNR
were arranged into a periodic hexagonal array to build our
model CMK-3 materials.
Figure 3 shows the CMK-3 and CMK-5 model materials with
a pore size H = 2.5 nm filled with the IL [emim+][NTf2−]. CMK-5
model materials with a pore size H = 1.8 nm were considered
for our simulations with the IL [dmim+][Cl−], in order to make
direct comparisons with our previous study [50] for the same
IL inside a model CMK-3 material of similar characteristics.
The pore size of our CMK-3 and CMK-5 models was defined as
the distance between the centres of two nearest ACNRs/ACNPs
minus their outer diameter (2.8 nm) and minus the Lennard–
Jones size parameter of a carbon atom (0.34 nm). The set-up
used in our simulations mirrored our recent study of ILs inside
a coconut shell-activated carbon model.[63] The set-up consisted
of placing our model porous carbons in the centre of an orthorhombic simulation box, while the z direction was extended to
allow space for IL reservoirs at each end of the carbon model as
seen in Figure 3. The x and y dimensions of the orthorhombic
simulation box matched the x and y dimensions of the materials.

1-ethyl-3-methylimidazolium
bis(trifluoromethylsulfonyl)imide, [emim+ ][NTf 2- ]

Figure 1. (Colour online) Scheme of the ILs considered in this study.
Note: Dark blue = N; light blue = C; white = H; green = Cl; yellow = S; red = O; and pink = F.
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Figure 2. (Colour online) (a) Three cross sections of amorphous carbon nanopipe (ACNP) filled with [dmim+][Cl−], showing the non-uniform inner diameter. Here, cations
and anions are coloured in purple and green. (b) Side view of an ACNP filled with [dmim+][Cl−]; the rectangles represent the location of the cross sections shown in
(a). The total length of the ACNP here is 10.69 nm. (c) Internal pore size distribution (PSD) of the ACNP, showing its internal diameter. (d) Representative simulation
snapshot of [emim+][NTf2−] inside an isolated ACNP.
Notes: Here, cations and anions are depicted in blue and purple; the total length of the ACNP is 5.5 nm and the vertical grey lines represent carbon walls which do not
allow the IL to adsorb on the outer surface of the ACNP (the IL can only adsorb inside the ACNP).

Periodic boundary conditions were applied in all three directions
and therefore, the ILs confined in the model CMK-3 and CMK-5
materials were periodic in the x and y directions. A representative
simulation box for our systems with [emim+][NTf2−] and CMK-5
had dimensions Lx = 7.98, Ly = 9.21 and Lz = 40.0 nm; a smaller
simulation box (Lx = 7.98, Ly = 4.61 and Lz = 40.0 nm) yielded
satisfactory results for the same IL within CMK-3 materials. In
both cases, the pore size of our materials was H = 2.5 nm. In our
simulations with [dmim+][Cl−] and CMK-5, our model material
had a pore size H = 1.8 nm and the length of our ACNRs and
ACNPs was 10.69 nm; for our simulations with [emim+][NTf2−],
we used ACNRs and ACNPs with shorter lengths (5.5 nm) to
reduce computational costs. For our simulations with a single
ACNP, we used a simulation box of dimensions Lx = 5.0, Ly = 5.0
and Lz = 40.0 nm. The ACNP was placed in the centre of this simulation box and was directly connected to two reservoirs of IL at
both sides in the z direction; therefore, the ACNP was surrounded
by a big vacuum region in the radial direction (Figure 2(d)),

which was large enough to avoid any interactions between the
adsorbed ions and their nearest periodic image in the x and y
directions.
MD simulations in the canonical ensemble at 333 K were
conducted for [emim+][NTf2−] inside a single ACNP and inside
the model CMK-3 and CMK-5 materials. Likewise, simulations
at 425 K were performed for [dmim+][Cl−] inside a single ACNP
and inside a model CMK-5 material; these results were compared with those obtained from our previous study of the same
IL inside a model CMK-3 material.[50] The carbon atoms in our
model materials were modelled as Lennard–Jones spheres with
σc = 0.340 nm and εc/kB = 28.0 K. Initially, all the ions were placed
in a lattice at both sides of the carbon materials in the z direction
with auxiliary walls closing the entrances to the pores. The carbon atoms in the system were kept fixed in space throughout our
simulations. First, the system was subjected to an energy minimisation procedure using a standard steepest descent scheme. After
that, the IL was melted at 600 K and subsequently annealed from
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Figure 3. (Colour online) Representative simulation snapshots of [emim+][NTf2−] inside a model CMK-3 material (a and b), and inside a model CMK-5 material (c and d)
with a pore size H = 2.5 nm.
Note: The cations and anions are depicted in blue and purple; carbon atoms are represented in dark grey.

600 to 333 K in three steps for 3 ns. Following this procedure, the
auxiliary walls were removed and the ions can enter the carbon
porous materials. Averages were accumulated over 20 ns and over
at least two independent simulation runs of the same system. To
make sure that our systems were properly equilibrated, in addition to the monitoring standard variables (e.g. energy), we also
examined the mean square displacement (MSD) and ensured
that the ILs have reached the diffusive regime (Figures 6 and 7).
We also monitored the time correlation functions for the rotation
of the cations (data not shown for brevity) and ensured that our
simulations were long enough to decorrelate the reorientation
of the cations with the only exception being the cations located
within the very narrow carbon nanopipes. The rest of the simulation details and methods are exactly the same as those used in
our previous studies.[50,63–68]

3. Results and discussion
In Figure 4(a) and (b), we show density maps of [emim+] in the
CMK-5 and CMK-3 model materials with H = 2.5 nm and in
Figure 4(c) and (d), we show mass density profiles (in g/cm3) of
[emim+] and [NTf2−] in the same model materials (in CMK-5,
the IL can be adsorbed inside and outside the ACNPs). The mass
density profiles shown in Figure 4(c) and (d) were determined
along the direction indicated by the solid arrow in the density
maps shown in Figure 4(a) and (b). The results shown in Figure
4 are very similar to those obtained for [dmim+][Cl−] inside
CMK-5 materials with H = 1.8 nm (Figure S1, Supplemental
data) and inside CMK-3 materials of the same pore size (from
our previous study [50]). Slight differences are observed in the

density profiles of the ions outside the ACNPs in CMK-5 and
outside the ACNRs in CMK-3 (Figure 4(d)). Peaks in the density
profiles are observed in all cases with the number of peaks and
their positions varying with pore size H and with size of the
ions ([emim+], and [NTf2−] are larger than [dmim+] and [Cl−]).
In Figure 5, we show representative simulation snapshots
of [emim+] and [NTf2−] inside the CMK-3 and CMK-5 model
materials, where the atoms of each ion are coloured according
to their total mobilities over a time of 10 ns. These results qualitatively show that the ions near the amorphous carbon surfaces
have lower mobility compared to that of the ions that are further
away from the pore walls. In the CMK-3 systems (Figure 5(a) and
(b)), the ions that are in the layers that are closer to the carbon
walls have a consistent dark blue in colour indicating that their
dynamics are slow and relatively homogeneous. In contrast, the
ions in the layers closer to the outside surfaces of the ACNPs in
CMK-5 have more mixed colours indicating that the dynamics
of the ions in these layers are more heterogeneous and faster as
compared to those of their counterparts in CMK-3. Spatial heterogeneity in the dynamics is also noticeable for the ions that are
further away from the carbon surfaces of CMK-3 and CMK-5.
These snapshots also indicate that the ions inside the ACNPs of
CMK-5 have the slowest dynamics, mainly because of the small
value of the average internal diameter of the ANCPs (~1.5 nm)
which subject the ions to a very large degree of confinement.
Results for [dmim+][Cl−] inside CMK-3 and CMK-5 (Figure S2,
Supporting Information) show trends that are qualitatively similar to those observed for [emim+][NTf2−]; however, the dynamics
of [dmim+][Cl−] inside the ACNPs of CMK-5 seem to be at least
qualitatively similar to those of the same ions outside the ACNPs.
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Figure 4. (Colour online) (a and b) Density map of [emim+] cations inside our model CMK-5 (a) and CMK-3 (b) materials (H = 2.5 nm). Areas with higher density of cations
are depicted in darker shades of grey. (c) Density profiles of [emim+] and [NTf2−] inside and outside the carbon nanopipes of CMK-5 or the carbon nanorods of CMK-3 along
the direction indicated by the solid arrow in the density maps shown in Figure (a) and (b), and up to the distance indicated by the dashed circle in Figure (a) (i.e. half the
distance between neighbouring ACNPs or ACNRs). (d) Density profile of [emim+] and [NTf2−] outside the ACNPs of CMK-5 and outside the ACNRs of CMK-3.
Notes: Here, the density profiles are measured from the outer surface of two neighbouring ACNPs (or ACNRs), along the direction indicated by the solid arrow in the
density maps shown in Figure (a) and (b).

These trends can be explained by a combination of the following
factors: (1) the ions in [dmim+][Cl−] are smaller than those in
[emim+][NTf2−] and thus, the former are less confined when
inside the ACNPs; (2) cation–anion interactions and ion–carbon
interactions are different in these two ILs.
We further investigated the dynamics of [emim+][NTf2−] and
[dmim+][Cl−] inside our CMK-3 and CMK-5 model materials,
as well as inside an isolated ACNP (Figure 2(d)), by monitoring
the axial component of the MSDs of the ions as a function of
time; these results are depicted in Figures 6 (for [emim+][NTf2−])
and 7 (for [dmim+][Cl−]). In these results, we have split the ions
into different layers based on their density profiles (Figure 4 for
[emim+][NTf2−], and Figure S1 for [dmim+][Cl−]), in order to
study the local dynamical behaviours of the ions. In Figures 6
and 7, the curve ‘CMK5_Internal’ represents the dynamics of
the ions inside the ACNPs of the CMK-5 material; the lines for
‘CMK3_Surface’ or ‘CMK5_Surface’ depict the axial MSDs of the
ions that are closest to the external walls of the ACNRs in CMK-3
and the ACNPs in CMK-5, i.e. located within the first peak
of the density profiles of the ions in Figures 4(c) and S1(c); and
the lines labelled ‘CMK3_Middle’ or ‘CMK5_Middle’ represent
the dynamics of the rest of the ions in these systems. The MSDs
of the IL ions in a bulk system at the same temperature are also

shown in Figures 6 and 7. As expected, all ions confined inside
our model porous materials exhibit dynamics that are slower
than those observed in a similar bulk system. In agreement with
the results qualitatively shown in Figure 5(a) and (b) for [emim+]
[NTf2−], the ions inside the ACNPs of CMK-5 exhibit the slowest
dynamics (Figure 6); and the ions closer to the carbon surfaces
in CMK-3 move slower than the ions that are further away from
these surfaces. Similarly, the ions closer to the outer surface of
the ACNPs of CMK-5 move slower than the ions that are further
away from these surfaces.
Interestingly, the results shown in Figure 6 indicate that the
ions in the surface layer and middle regions in CMK-5 exhibit
dynamics that are slightly faster than those of their counterparts
in the same layers/regions in CMK-3 (the surface-to-surface
distances between ACNPs in CMK-5 and ACNRs in CMK-3
are exactly the same). This observation might be due to several reasons. Subtle differences in the density of the IL outside
the CMK-5 nanopipes and the CMK-3 nanorods might be a
possibility; although the density profiles of the IL outside the
CMK-5 nanopipes and the CMK-3 nanorods (Figure 4) are qualitatively similar, the ions outside the ACNPs in CMK-5 seem
to be closer to the carbon surfaces than the ions in CMK-3.
A second reason might be correlation effects between the IL
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Figure 5. (Colour online) Representative simulation snapshots of [emim+] (left) and [NTf2−] (right) inside our CMK-3 (top) and CMK-5 (bottom) model materials, H = 2.5 nm.
Notes: The ions are coloured according to their displacement over a time of 10 ns. The carbon atoms in our CMK-3 and CMK-5 model materials are not shown.

that is inside the CMK-5 nanopipes and the IL that is adsorbed
on the outer surface of the ACNPs. We raise this issue because
in Figure 6, we also report results for the axial MSD of the ions
inside an isolated ACNP (i.e. no IL adsorbed outside the ACNP,
Figure 2(d)). These results indicate that the ions of [emim+]
[NTf2−] inside an isolated ACNP move slightly faster than the
ions inside the ACNPs in CMK-5 (which have an IL adsorbed
at the outer surface of the ACNPs). However, this dynamical
behaviour seems to depend on the particular IL; in Figure 7,
we show results similar to those presented in Figure 6(a), but
now for the cations of [dmim+][Cl−] inside CMK-3 and CMK-5
materials with a pore size of H = 1.8 nm (the average internal
diameter of the ACNPs is ~1.5 nm, same as in our simulations
with [emim+][NTf2−]; results for the [Cl−] anions follow the same
trends as the [dmim+] and are not shown for brevity). The results
shown in Figure 7 indicate that [dmim+] outside the ACNPs
in CMK-5 has slightly faster dynamics than the cations outside
the nanorods in a CMK-3 material of the same pore size, in
analogy to what we observed for [emim+] in Figure 6(a). These
results suggest that the presence of IL inside the ACNPs can
accelerate the dynamics of the IL outside the ACNPs in CMK-5
with respect to those observed for the same ILs in CMK-3 materials. The IL adsorbed outside the ACNPs in CMK-5 experiences long-range electrostatic interactions with the ions inside
the ACNPs in addition to the interactions with the thin carbon
walls of the ACNPs (average thickness = 0.45 nm); in contrast,

the IL adsorbed in CMK-3 materials only interacts with the carbon atoms of the ACNRs. The results depicted in Figure 7 also
indicate that [dmim+] inside an isolated ACNP moves slower
than the same cations inside the ACNPs in CMK-5; however,
the opposite behaviour was observed for [emim+][NTf2−] (Figure
6(a)), namely the ions inside an isolated ACNP move slightly
faster than the same ions inside the ACNPs in CMK-5 (i.e. with
IL adsorbed in the outer surface of the ACNPs). Furthermore,
results from Figure 7 indicate that the MSD of [dmim+] inside
the ACNPs in CMK-5 (average internal diameter D = 1.5 nm) is
slightly larger than the average MSD of all the cations in a CMK-3
material of pore size H = 1.8 nm.
The results shown in Figures 6 and 7, and in Table 1 (self-diffusion coefficients in the z-direction as calculated from the
MSDs shown in Figures 6 and 7) indicate that the ions adsorbed
outside the ACNPs in CMK-5 have faster dynamics than the
same ions adsorbed outside the ACNRs of the same external
diameter in CMK-3 materials of the same pore size. Our results
also show that the dynamics of an IL inside an ACNP can be
significantly affected when IL is present outside the ACNP in
CMK-5 materials. These observations might be due to correlation effects between the ILs inside and outside the ACNPs in
CMK-5 (the average thickness of the carbon wall in the ACNPs
is about 0.45 nm). Interactions between molecules located
in neighbouring pores can act in a co-operative way and are
known to induce important changes in the behaviour of con-
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fined fluids. For example, molecular simulations [69] have
shown that methane inside neighbouring cylindrical pores in
the zeolite AlPO4–5 can undergo a gas–liquid phase transition;
however, no phase transitions are observed when methane is
inside an isolated cylindrical pore of the same material and size
because the pore diameter is smaller than twice the molecular
diameter of methane and thus, the system is very close to the
one-dimensional limit.[70] Very recently, an order–disorder
transition was also observed in molecular simulations of water
inside a membrane with neighbouring, narrow cylindrical pores
arranged in a square lattice.[71] Kondrat et al. [72] and Péan
et al. [73] indicate that ILs inside sub-nm pores can experience
very fast dynamics during charging processes due to a complex
interplay between factors such as confinement in very narrow
pores, ion crowding, screened interactions and changes in the
structure of the double layer caused by the charging process.
Kondrat et al. [72] also report that tuning the interactions of the
ions with the pore walls (e.g. using mixtures of ILs or by adding surfactants) to have ‘ionophobic’ pore surfaces can further
accelerate the dynamics of the confined ions during the charging
process. Our results indicate that the presence of IL in the outer
surface of an uncharged ACNP (average thickness of the carbon
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Figure 6. (Colour online) Axial component (z-direction) of the mean square
displacement (MSD) of the (a) [emim+] cations and (b) [NTf2−] anions in the model
CMK-3 and CMK-5 materials, and inside an isolated amorphous carbon nanopipe
(ACNP).
Notes: The different curves depicted represent the following: ‘Bulk’ = ions in a
bulk system; ‘CMK3_Surface’ or ‘CMK5_Surface’ = ions that are outside the ACNRs
in CMK-3 or the ACNPs in CMK-5 and close to the external carbon walls of the
ACNRs or ACNPs (i.e. located within the first peak of the density profiles of the ions
in Figure (c); ‘CMK3_Middle’ or ‘CMK5_Middle’ = ions that are outside the ACNRs
in CMK-3 or the ACNPs in CMK-5 and away from the external carbon walls of the
ACNRs or ACNPs (i.e. located outside the first peak of the density profiles of the
ions in Figure (c); ‘CMK5_Internal’ = ions inside the ACNPs of the CMK-5 material;
‘ACNP’ = ions inside an isolated ACNP.
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Figure 7. (Colour online) Axial component (z-direction) of the mean square
displacement (MSD) of the cations in [dmim+][Cl−] in the model CMK-3 and CMK-5
materials and inside an isolated amorphous carbon nanopipe (ACNP).
Notes: The different curves depicted represent the following: ‘Bulk’ = ions in a bulk
system; ‘CMK5_Surface’ = ions that are outside the ACNPs in CMK-5 and close to
the external carbon walls of the ACNRs or ACNPs (i.e. located within the first peak
of the density profiles of the ions in Figure S1(c)); ‘CMK5_Middle’ = ions that are
outside the ACNPs in CMK-5 and away from the external carbon walls of the ACNRs
or ACNPs (i.e. located outside the first peak of the density profiles of the ions in
Figure S1(c)); ‘CMK-5 (overall, outside)’ = all the ions that are outside the ACNPs
in CMK-5; ‘CMK5_Internal’ = ions inside the ACNPs of the CMK-5 material; ‘CMK-3
(overall)’ = all the ions that are outside the ACNRs in CMK-3 and ‘ACNP’ = ions inside
an isolated ACNP.

wall = 0.45 nm) can affect the dynamics of an IL adsorbed inside
the carbon nanopipe and vice versa (as the dynamics of the ILs
outside of the ACNPs in CMK-5 were found to be faster than
those of the same ILs in CMK-3). Differences in the cation–
anion interactions, as well as the ion–walls interactions might
also cause differences in the dynamics, as [dmim+][Cl−] inside an
isolated ACNP moves slower than inside the ACNPs in CMK-5
(Figure 7 and Table 1), but [emim+][NTf2−] inside an isolated
ACNP moves slightly faster than inside the ACNPs in CMK-5
(Figure 6 and Table 1).
To further explore the properties of the ions inside the ACNPs
when the nanopipes have, or do not have, an IL adsorbed in
their outer surface, in Figure 8, we show radial and axial density
profiles of [emim+] and [NTf2−] inside an isolated ACNP (i.e.
no IL adsorbed on its outer surface, Figure 2(d)) and inside the
ACNPs in CMK-5 (i.e. IL present outside the ACNPs, Figure 3(c)
and (d)). The radial density profiles for [dmim+][Cl−] inside an
isolated ACNP are included in Figure S3 (Supporting Information); similar results for the same IL, but now inside the ACNPs
in CMK-5 are shown in Figure S1(c) (Supporting Information).
The axial density profiles for the same IL inside an isolated ACNP
and inside the ACNPs in CMK-5 are depicted in Figure 9. The
peaks in the radial density profiles of the ions inside the ACNPs
(Figures 8(a), S1 and S2) are closer to the carbon surfaces when
IL is adsorbed in the outer surfaces of the ACNPs in CMK-5, as
compared to the case of an isolated ACNP (i.e. no IL outside the
ACNP). The mass density profiles of the ions inside the ACNP
as a function of the axial distance, which are depicted in Figures
8(b) and 9, show a slightly non-uniform distribution of the ions
that might be caused by the uneven internal diameter of the
ACNP (Figure 2). The average axial density of the ions inside
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Table 1. Diffusion coefficients for [dmim+][Cl−] and [emim+][NTf2−] in the bulk and along the axial direction in our pore systems. Values inside parentheses represent the
uncertainties in our calculations.
D (× 10−7 cm2/s)
[dmim ]
2.45 (0.02)
0.73 (0.03)
–
–
1.04 (0.13)
0.66 (0.13)
1.31 (0.02)
0.82 (0.01)
0.28 (0.02)
+

Bulk
CMK-3 (overall)
CMK-3 (surface)
CMK-3 (middle)
CMK-5 (outside, overall)
CMK-5 (outside, surface)
CMK-5 (outside, middle)
CMK-5 (inside)
Isolated ACNP

[Cl ]
1.86 (0.05)
0.48 (0.06)
–
–
0.58 (0.05)
0.38 (0.03)
0.75 (0.13)
0.58 (0.01)
0.20 (0.02)

[NTf2−]
9.01 (0.04)
3.42 (0.02)
1.75 (0.03)
4.02 (0.02)
4.56 (0.04)
3.27 (0.03)
5.35 (0.06)
0.72 (0.01)
1.11 (0.02)

[emim+]
12.30 (0.05)
4.36 (0.03)
2.85 (0.02)
4.89 (0.03)
5.92 (0.04)
4.00 (0.04)
6.71 (0.06)
0.76 (0.01)
1.62 (0.02)

−

1.8

(a)

1.6

Cations
Anions

1.4
1.2
1.0
0.8

Axial mass density (g/cm3)

0.6
0.4
0.2
0.0

0

2

4

6

8

10

1.8

(b)

1.6

Cations
Anions

1.4
1.2
1.0
0.8
0.6
0.4
0.2
0.0

Figure 8. (Colour online) Mass density profiles for [emim+][NTf2−] inside the ACNPs
of CMK-5 and inside a single ACNP. (a) Radial density profiles, and (b) axial density
profiles.
Note: The dashed lines indicate the approximate location of the edges of the ACNPs
in our simulation boxes (see Figures 2(d) and 3(c)).

the ACNPs is slightly larger in CMK-5 (when IL is adsorbed
outside the ACNPs) than inside an isolated ACNP. These results
suggest that the presence of IL adsorbed in the outer surfaces of
the ACNPs in CMK-5 induce changes in the density of the IL
inside the ACNPs, which in turn affects the dynamics of the ions
inside the ACNPs. Our previous studies [50, 63–68] indicate that
variations in the amount of IL inside the nanopores can affect
significantly the dynamics of the confined ions. Furthermore,
the ions of [dmim+][Cl−] inside the ACNPs (both isolated and
in CMK-5) seem to have average axial densities that are similar
to those of the bulk IL (Figure 9). In contrast, the average axial
densities of [emim+] and [NTf2−] inside the ACNPs appear to be
slightly lower than the densities of the same ions in the bulk-like
reservoirs at both sides of the porous materials (Figure 8(b)).
These differences in the density of the ILs inside the ACNPs as

0

2

4

6

Axial distance (nm)

8

10

Figure 9. (Colour online) Mass density profiles in the axial direction for [dmim+]
[Cl−] inside (a) an isolated ACNP and (b) the ACNPs in CMK-5.
Notes: Dotted lines are cation and anion densities in a simulated bulk IL system at
the same temperature.

compared to those of the bulk IL reflect the difference in the
interactions between the carbon walls and [dmim+][Cl−] and
[emim+][NTf2−], which in turn also affect the dynamical behaviour of these ILs inside our model materials (Figures 6 and 7).
Differences in pore size might also play a role in these observations (H = 2.5 nm for [emim+][NTf2−], whereas H = 1.8 nm for
[dmim+][Cl−]).

4. Concluding remarks
Classical MD simulations were conducted to study the structure
and dynamics of the ILs [dmim+][Cl−] and [emim+][NTf2−], confined inside a model CMK-5 material of pore sizes H = 1.8 and
2.5 nm, respectively. This material is formed by nanopipes made
of amorphous carbon, where the nanopipes are arranged in a hexagonal array; the ACNPs have an average diameter D = 1.5 nm
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and an average wall thickness of 0.45 nm. In CMK-5, the ILs can
be adsorbed inside and outside the ACNPs (Figure 3(d)). Our
findings were compared against similar results observed for the
same ILs inside an isolated ACNP (i.e. no IL adsorbed on the
outer surface of the ACNP) and inside a model CMK-3-ordered
mesoporous carbon of similar pore size. CMK-3 is very similar to
CMK-5, but is made of hexagonally packed ACNRs (see Figure
3(b)). No electrical charges were present in any of these carbon
materials. Our results indicate that the presence of IL adsorbed
in the outer surface of an uncharged carbon nanopipe can affect
significantly the dynamics and the density of an IL adsorbed inside
the carbon nanopipe and vice versa. Both of the ILs examined
here have faster dynamics when they are adsorbed outside the
ACNPs in CMK-5 (i.e. with IL inside the ACNPs) than when
they are in CMK-3 materials of the same pore size. Radial density
profiles indicate that the ions prefer to remain closer to the carbon
walls in CMK-5 than in CMK-3, possibly due to the presence of
ions inside and outside the thin walls of the ACNPs (average wall
thickness = 0.45 nm). The average axial density of both ILs inside
the ACNPs is slightly larger in CMK-5 (when IL is adsorbed outside the ACNPs) than inside an isolated ACNP. These results suggest that the presence of IL adsorbed in the outer surfaces of the
ACNPs in CMK-5 induces changes in the density of the IL inside
the ACNPs. The presence of IL adsorbed outside the ACNPs also
affects the dynamics of the IL inside the ACNPs; [dmim+][Cl−]
inside an isolated ACNP has slower dynamics than when inside
the ACNPs in CMK-5 (i.e. with IL adsorbed outside the ACNPs),
but in contrast, [emim+][NTf2−] inside an isolated ACNP moves
faster than when inside the ACNPs in CMK-5. Furthermore, the
average axial density of [dmim+][Cl−] inside the ACNPs (both
isolated and in CMK-5) seems to be similar to that of the same
IL in the bulk, whereas [emim+][NTf2−] inside the ACNPs has an
average axial density that is slightly lower than that of the bulk
IL. These results strongly suggest that the interactions between
the ions and the pore walls significantly influence the structure
and dynamics of the ILs in these systems. Overall, our results
suggest the presence of correlation effects between the IL inside
and outside the ACNPs in CMK-5. Interactions between molecules located in neighbouring pores can act in a cooperative way
and are known to induce important changes in the behaviour of
several nonpolar and polar fluids inside nanopores.[70,71] Correlation effects might play an important role in determining the
macroscopic properties of the electrical double-layer near charged
surfaces [25,26]; these effects deserve further investigation in follow-up studies.
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